Acceleration of the longitudinal spin relaxation kinetics, associated with the presence of magnetic nanoparticles (MNPs), has been analysed based on the diffusion mechanism of the spin relaxation. The predictions of the outer sphere model were tested in viscous systems and complex multiphase systems, where different components had different mobilities. Depending on the effective size of nanoparticles and molecular mobility, increase, decrease or no changes in the relaxation rate have been observed. The results confirm the applicability of the model to systems with MNPs of ultra-fine size.
Introduction
Recently, biomedical applications involving magnetic nanoparticles have been extensively explored and developed. Magnetic nanoparticles (MNPs), in particular iron oxide nanoparticles, become important diagnostic and therapeutic agents in many applications such as drug delivery, magnetic cell labelling and separation, medical hyperthermia and medical imaging [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Iron oxide nanoparticles demonstrate good biocompatibility and no significant adverse effects [8] [9] [10] . In comparison with paramagnetic agents commonly used for magnetic resonance imaging (MRI) contrast enhancement, MNPs have much stronger magnetic moment, which leads to drastic enhancement of the contrast [11] [12] [13] [14] . Two distinct classes of iron oxide nanoparticles are currently in use for clinical imaging: relatively large particles (such as 80 nm in diameter) and ultrasmall particles (∼5 nm in diameter). Both materials are considered as primarily 'dark contrast' agents (T * 2 /T 2 weighted images) [10] . The effects induced are mostly associated with the acceleration of the transverse spin relaxation (decrease of T 2 ) and inhomogeneous broadening. Acceleration of longitudinal relaxation (decrease of T 1 ) was reported as well [12, 13] . Newer approaches have been discussed [13, 14] , which involve combinations of different techniques (T 1 , T 2 , diffusion-weighted MRI, etc). Understanding MNPs-related specifics is important for optimal use of MNPs in MRI image enhancement and other applications as well, where magnetic 1 NSU Summer Undergraduate Research Program. resonance and susceptibility methods may be employed to monitor nanoparticles in a human body.
As was demonstrated earlier [15] [16] [17] effects on 1 H NMR spectra and spin relaxation of host protons are very different in solid and liquid systems. Significant acceleration of the relaxation kinetics (decrease in T 1 ) and homogeneous broadening (decrease in T 2 ) of the proton NMR spectra are observed in liquids (chloroform, water, toluene, paraffin wax above melting temperature), while solid hosts (polymer, paraffin wax below melting temperature) demonstrate inhomogeneous broadening of the spectra and no changes in T 1 , and T 2 with increase in MNPs concentration [15] [16] [17] . Such a behaviour can be explained with the molecular motion as a predominating mechanism of the spin relaxation in the systems with MNPs [18] [19] [20] . The nuclear spin relaxation is caused by time-dependent variations of local magnetic fields seen by the nuclei during their diffusional motion in a spatial non-uniform field created by MNPs. In solids, in the absence of molecular motion and due to almost 100% polarization of MNPs at high magnetic fields, the effects of MNPs are reduced to broad distribution of static local fields only [16] .
Note that the outer sphere model for diffusion-related relaxation, developed for systems with paramagnetic ions [19] , is not fully applicable to the case of MNPs. If the molecular motion is very slow (as it is for solids or viscous substances), or the effective particle size or magnetic moment are very large (as it may be for MNPs even in liquid suspensions), the basic assumptions of the model may be broken [17] . 
Model
Let us first analyse the predictions of the outer sphere model for the media with MNPs. The contribution to the longitudinal and transverse spin relaxation rates, T −1
2 , related to the presence of magnetic impurity, can be estimated [18] as
where γ I is the gyromagnetic ratio of the proton, ω I is the angular frequency, Dis the self-diffusion constant of the solvent, n is the number of the particles per unit volume, µ is the magnetic moment of a MNP, R is the effective radius associated with a MNP (commonly on the order of the physical size of a nanoparticle),
is the spectral density of the correlation function related to molecular diffusion in the inhomogeneous local magnetic field produced by the magnetic particles,
The terms accounting for the fluctuations of the particle magnetic moment can be omitted because of nearly total MNP polarization in strong magnetic fields (such as B = 7 T used in our experiments). According to equations (1a) and (1b), the rates have strong dependence on parameters R and D, which enter the relation directly and as factors in τ D and µ. Following [17] , and assuming a spherical shape of the nanoparticles, equations (1a) and (1b) can be rewritten as
where C is the weight concentration of the magnetic material and M g is the magnetization per unit mass and ρ is the ferrite density, Figure 1 demonstrates predictions of the equations (3a) and (3b) [19, 20] figure 1 , compare points A and B in trace 2). This result is consistent with the experimental data of [15, 16] , where the MNP-related acceleration of the spin relaxation rate has been observed only for liquid systems. One can expect that in multicomponent systems, effects of MNPs on the relaxation rates of different components can be quite different depending on the molecular diffusion coefficient of the corresponding component.
As is shown in figure 1 , the model predicts non-monotonic figure 1(a) ).
Depending on the particle size, in the same range of D (10 −6 -10 −5 cm 2 s −1 ) one can expect growth of the longitudinal spin relaxation rate with decreasing viscosity (trace 3, relatively large MNPs) or the opposite effect: a decrease in the rate (trace 1, ultra-small MNPs). Strong changes in the relaxation rate T 2N are expected as well. However, note that the width of the line in very viscous systems can be determined by the non-homogeneous broadening, which is beyond the considerations of this work.
Experiment
To test the predictions of the model, we prepared and studied the following systems with and without nanoparticles:
• Glycerol in water solution with and without nanoparticles (60 : 40%). In such a system, viscosity can be easily varied by changing the temperature or relative concentration of the components providing an opportunity to study MNPrelated effects as a function of viscosity.
• Milk with and without MNPs. Milk (a complex media) is composed of water, carbohydrates, proteins and fats, which have different mobilities due to the different molecular sizes.
In our experiments, we used two series of magnetite (Fe 3 O 4 ) nanoparticles. The first series (MNP 1) was particles with nominal diameter of 10 nm obtained from the Ocean NanoTech Inc. with biotin on the surface. The ultra-fine Fe 3 O 4 particles (MNP 2) stabilized by sodium polyacrylate were purchased from Vive-Nano Inc. They have a broad size distribution, nominally in the range ∼2-10 nm. The characterization of the sample by electron magnetic resonance (EMR) methods [23] yielded the value of µB 0 /k ≈ 300 K, (B 0 is the EMR resonance field, B 0 ≈ 0.35 T, k is the Boltzmann constant), which for the ferrite magnetization of M g = 86 Oe g −1 [24] corresponded to the medium diameter of ∼3.5 nm.
The milk sample was prepared using sweetened condensed milk (Nestlé-Carnation), composed of mainly milk and sugar (the composition of sweetened condensed milk is (in addition to water) fat ∼0.1 g mL −1 , sugars/carbohydrates ∼0.733 g mL −1 , protein ∼0.1 g mL −1 ). The experimental samples with the concentration of MNP 2 of about 0.1 mg mL −1 were prepared using milk and MNPs in water solution in the proportion 3 : 1. In this experiment, we used MNP 2 series only. The control sample without MNPs was prepared using milk and D 2 O in the same proportion. The glycerol/water sample has 60% of the glycerol and 30% of water and ∼10% of D 2 O. The concentrations of iron oxide in the glycerol samples were about as 0.4 mg mL 
Results and discussion

Effects in milk + MNP 2 systems
The addition of MNPs resulted in broadening of the spectra ( figure 2(a) ). The measurements of the kinetics were performed at two different peaks, which can be clearly distinguished in both spectra with and without MNPs. (Labelled as peaks A and B in the figure.) The larger peak B corresponded to water protons primarily, while the multiple peaks at A had contributions from different organic contents, including protein molecules. As one can see in figure 2(b) , the longitudinal relaxation time T 1 measured at peak A did not change much in the presence of MNPs, it almost remained 
Effects in glycerol/water mixtures
The spectra of the samples with and without MNPs (MNP 1 and MNP 2) are presented in figure 3(a). As one can see, the degree of the spectral broadening was very different for these two systems. The change in the spectral width for the MNP 1 was more than an order of magnitude higher than that in the MNP 2 sample. This can be related to a number of factors, including different concentrations of magnetic content in the samples, homogeneous (change in T 2 ), and inhomogeneous broadening. The changes in the longitudinal spin relaxation in these two samples were in the same order, see figure 3(b) . However, if the kinetics observed in the MNP 2 sample can be described as single exponential, the sample with larger particles, MNP 1, shows multi-exponential behaviour. Such a relaxation may be viewed as an indication of reaching the limitations of the model, where fast motion and fast diffusion approximations are not fully applicable to systems with relatively large MPNs or at high viscosity [17] . The kinetics can be approximately fitted as a sum of two exponents, A 1 exp(−t/τ 11 ) + A 2 exp(−t/τ 12 ) (see the corresponding dotted line in figure 2(a) , where the relaxation in MNP 1 was fitted with the parameters A 1 = 1.8, τ 11 = 0.21 s, A 2 = 0.06, τ 12 = 2 s). The major part of kinetics followed the fast relaxation with the time constants varied from 0.27 s to 0.14 ± 0.01 s in the dependence on temperature, and the rest had a relaxation time similar to that in the same solution but without MNP. Thus, to compare the experiment with the model, we estimated the MNP-related longitudinal relaxation rates from the initial stage of the relaxation. The normalized values of (T figure 4(a) .
Interestingly, the samples with MNP 1 and MNP 2 showed quite an opposite behaviour with increasing temperature. The rate grew with heating in the sample with MNP 1. Higher temperature, higher molecular mobility, and higher relaxation rate. In the opposite, slowdown of the relaxation with increase in temperature has been observed in the sample with MNP 2 particles.
Discussion
To compare the observations with theoretical predictions, we estimated the molecular diffusion coefficients from the data for viscosity, using the Stokes-Einstein relation [25] as
where T is the temperature, d is the diameter of the molecule and η is the viscosity of the system. Equation (4) can be applied to the mixture of two substances with different mobilities of molecules. In this case, η is the viscosity of the mixture, and d is the diameter of a corresponding molecule [25] . In glycerol/water solutions, viscosity changes from 29.9 cp to 1.28 cp with increasing temperature from 273 K to 373 K respectively. Using equation (4) figure 4 represent results of calculations using equations (3a) and (3b) for water and glycerol molecules separately. For the relatively large (10 nm) MNPs, the relaxation rate T . As one can see, the experimental data for the sample with MNP 1 followed the predicted trend.
Slowdown of the longitudinal relaxation with heating is expected if D is in the range above D max , which is expected to be lower for MNPs of smaller size. According to our estimations for glycerol/water systems with 2 nm-sized MNPs, the position of the maximum T −1 1 corresponds to T ∼ 320 K. Decrease in the relaxation rate is expected with further heating. However, the experimental data for the MNP 2 sample can be fitted only if we assume an even smaller effective value of d = 1 nm. This discrepancy can be related to a very broad size distribution of the magnetic impurity in the sample, including the presence of paramagnetic ions.
Note that large molecules, such as proteins, in milk are still in the range of slow diffusion, D D max even in the case of small MNP 2 particles. The relaxation of the corresponding NMR peak showed practically no acceleration in the presence of MNP 2, while a significant acceleration (from 2.5 s to 0.45 s) has been observed for water molecules in the same solution.
In conclusion, the predictions of the outer sphere model for the diffusion-related spin relaxation were analysed for viscous systems with magnetic nanoparticles and tested in the experiment. It was shown that MNP-related contribution to the longitudinal relaxation non-monotonically varies with the system viscosity, with the position of the maximum depending on the particle size. Different behaviour (slowdown or acceleration of the relaxation) can be expected for systems with MNPs of different sizes. The multicomponent systems may exhibit very different behaviour in association with different mobilities of corresponding components. Ultra-fine MNPs (∼3-5 nm) are expected to be most efficient for T 1 related imaging applications in biological media.
